The Notch signaling pathway controls cell fate decision, proliferation, and other biological functions in both vertebrates and invertebrates. Precise regulation of the canonical Notch pathway ensures robustness of the signal throughout development and adult tissue homeostasis. Aberrant Notch signaling results in profound developmental defects and is linked to many human diseases. In this study, we identified the Atrophin family protein RERE (also called Atro2) as a positive regulator of Notch target Hes genes in the developing vertebrate spinal cord. Prior studies have shown that during early embryogenesis in mouse and zebrafish, deficit of RERE causes various patterning defects in multiple organs including the neural tube. Here, we detected the expression of RERE in the developing chick spinal cord, and found that normal RERE activity is needed for proper neural progenitor proliferation and neuronal differentiation possibly by affecting Notch-mediated Hes expression. In mammalian cells, RERE co-immunoprecipitates with CBF1 and Notch intracellular domain (NICD), and is recruited to nuclear foci formed by over-expressed NICD1. RERE is also necessary for NICD to activate the expression of Notch target genes. Our findings suggest that RERE stimulates Notch target gene expression by preventing degradation of NICD protein, thereby facilitating the assembly of a transcriptional activating complex containing NICD, CBF1/RBPjj in vertebrate, Su(H) in Drosophila melanogaster, Lag1 in C. elegans, and other coactivators. Address correspondence and reprint requests to Michael P. Matise, 675 Hoes Lane West, Piscataway, NJ 08854, USA. E-mail: matisemp@rwjms.rutgers.edu 1 These authors contributed equally to this work.
The development of individual organs of different size and shape in animal embryos requires precise regulation of cell proliferation and differentiation. A small number of signaling pathways transduce extrinsic signals through transcription factors and their associated cofactors to implement cell fate decisions (Barolo and Posakony 2002) . Among them, Notch is an evolutionarily conserved signal for the development of all metazoan organisms (Bray 1998; ArtavanisTsakonas et al. 1999; Lai 2004; Kopan and Ilagan 2009) . Upon ligand-receptor interaction, Notch is cleaved, and its intracellular domain (NICD) is subsequently translocated into the nucleus, where it binds to the transcription factor CBF1/RBPjj in vertebrate, Su(H) in Drosophila melanogaster, Lag1 in C. elegans (CSL). Association between NICD and CSL leads to the recruitment of co-activators including Mastermind family proteins. The assembly of a transcription-activating complex on the promoter stimulates the transcription of Notch targets including basic helixloop-helix genes of the Hes family.
The core components of the canonical Notch signaling pathway are highly conserved in vertebrates. Upon Notch activation, CBF1 recruits mastermind-like (MAML) proteins onto target gene promoters, and stimulates expression of Hairy/E(spl) homologs Hes1/Hes5. Notch signaling serves to maintain neural progenitors in a proliferative state in the vertebrate central nervous system (CNS) via lateral inhibition mechanisms (Louvi and Artavanis-Tsakonas 2006) . Loss of Notch or CBF1 leads to reduced Hes expression and depletion of the neural progenitor population (de la Pompa et al. 1997; Hitoshi et al. 2002) . Abnormal Notch signaling is associated with a number of profound development defects and is linked to many diseases including some cancers (Lai 2004; Andersson et al. 2011; Fregeau et al. 2016) , indicating a critical role for this pathway in humans.
Although much attention has focused on the Notch pathway because of its important role in vertebrate development and human health, relatively few transcriptional co-activators, compared to co-repressors, have been identified that interact with CSL, the common transcriptional regulator in the Notch signaling pathway that can either repress or activate targets depending on its associated co-factors. Among these are NICD itself (Lubman et al. 2004) , SKIP (Zhou et al. 2000) , mastermind (Fryer et al. 2002) , p300 and PCAF (Kurooka and Honjo 2000; Oswald et al. 2001; Wallberg et al. 2002) . A widely accepted model suggests that CSL-NICD binding creates a stable site for mastermind, which subsequently recruits other coactivators such as p300 to induce target gene transcription (Andersson et al. 2011) . Additional NICDinteracting partners have been identified in over-expression assays, but the biological relevance of such interaction at physiological concentrations has yet to be determined (Kopan and Ilagan 2009 ). Furthermore, although there are negative factors such as CDK8 (Fryer et al. 2004) and NLK (Ishitani et al. 2010 ) that promote the turnover of NICD and termination of the signal, the factors that stabilize NICD and ensure normal Notch signaling are less characterized.
Prior studies have revealed an important role for Atrophin family proteins in regulating developmental patterning (Erkner et al. 2002; Zhang et al. 2002; Fanto et al. 2003; Zoltewicz et al. 2004) . Atrophin proteins primarily act as transcriptional co-repressors by recruiting histone-modifying factors via N-terminal domains (Wang et al. 2006 (Wang et al. , 2008 . However, they have also been shown to function as positive regulators possibly through interactions of the C-terminal region and target transcription factors (Shen et al. 2007; Vilhais-Neto et al. 2010) . Therefore, Atrophin family proteins, including the vertebrate homolog RERE, may act as dual transcriptional co-factors, having either repressive or activating roles depending on their associated factors in distinct transcription complexes and particular genetic contexts.
Prior studies have suggested that Rere functions in CNS development by regulating distinct signaling pathways. For example, deficiency of RERE in mice results in disrupted Sonic Hedgehog (Shh) signaling and delayed development of the cerebellum (Kim and Scott 2014) . Furthermore, Mutation of RERE has also been associated with brain hypoplasia and reduced numbers of hippocampal neurons in mutant mice (Kim et al. 2013) . Interestingly, RERE was found to be expressed in the developing mouse spinal cord during early embryogenesis, and mutation of the gene leads to early embryonic lethality with various patterning defects in multiple organs including the failure of neural tube closure (Zoltewicz et al. 2004) . . . However, the role of RERE in regulating cell proliferation and differentiation in neural tube has not been fully characterized.
In this study, we tested the hypothesis that RERE regulates Notch signaling targets in the developing neural tube to control neural progenitor proliferation and differentiation. We detected robust expression of Rere in the ventricular zone (VZ) of the chick spinal cord at the onset of neurogenesis. To test this hypothesis, we knocked down Rere in the developing chick neural tube to assess its requirement in neural development. Consistent with our hypothesis, we find that normal RERE activity is critical for proper neural progenitor proliferation and neuronal differentiation via positive regulation of Notch signaling target gene expression. We also found that RERE could interact with NICD and stabilize it in a dose-dependent manner in mammalian cells. Our data indicates that, in the presence of RERE, NICD is likely prevented from proteasome-mediated degradation, and interacts with RERE to form a transcriptional activator complex. Our data thus reveal that RERE is a critical mediator of Notch signaling and functions to maintain appropriate neural progenitor proliferation.
Materials and methods

Animal preparation
Specific pathogen-free (spf) fertilized white Leghorn chicken eggs (sex not specified) were obtained from Charles River Laboratories. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal handling protocols were performed following guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of Rutgers University (Protocol: I14-029-6). Fertilized eggs were randomly selected for each group of transfections. For immunohistochemistry studies, at least five embryos were analyzed for each set of experiments (n ≥ 5); for in vivo dual luciferase reporter studies, each assay had four to six replicates.
Unilateral in ovo electroporation
Knockdown of in vivo Rere expression was performed with doublestranded RNAi targeting chick Rere (cRere) at regions 5'-CT CGCACATACATTCGCAT-3'; 5'-GGGAGAGAGAGGAGGCT GA-3'. cRere RNAi and scrambled-control RNAi were obtained from IDT Inc. (Coralville, IA, USA ). The final concentration of these RNAi used for transfection was 1 lg/lL. Chick Hes5-pcDNA3 plasmid (GenScript, Inc., Piscataway, NJ, USA) was cotransfected with cRere RNAi at 1 lg/lL. Empty pCIG vector (nuclear-localized GFP expression vector) was routinely utilized to label the transfected side with a final concentration at 1 lg/lL.
Spf fertilized white Leghorn chicken eggs were incubated at 38°C for 2 days at embryonic day 2 (E2), around Hamburger & Hamilton (H&H) stage 12-13. RNAi and plasmids were transfected into the spinal cord of chick embryos using unilateral (right side) in ovo electroporation with five 25V pulses delivered for 50 ms at 1 s intervals, as previously described Matise 2013b, 2016 (Gui et al. 2007 ).
Dual luciferase reporter assay
For in vivo measurements of promoter activities of Notch target genes, 4XCBF1, Hes1 and Hes5 promoters (gift from Dr. Kageyama) were each cloned into pGL3 firefly luciferase reporter vector (Takebayashi et al. 1995) . For all sets of in ovo luciferase assays, reporter constructs (4XCBF1-, Hes1-, or Hes5-luc at 0.2 lg/ lL), effector constructs (CFP-hNICD1 or pCIG-hRERE at 0.1 lg/ lL), cRere RNAi (1 lg/lL), and the internal control construct (Renilla luciferase construct at 0.05 lg/lL) were balanced with empty pUC18 vectors and scrambled-control RNAi into equal total DNA/RNAi amounts, which were transfected into the spinal cord of chick embryos at E2 (H&H stage 12-13) and collected 1 day after at E3 (H&H stage 18-19) . Embryos were decapitated and homogenized as described Wang and Matise 2013c) . Firefly and Renilla luciferase activities were detected with Promega dual luciferase assay kit on luminometer T20; Promega, Madison, WI, USA. Each assay had 4-6 replicates.
In situ hybridization and immunohistochemistry Decapitated chick embryos were collected at specific stages; in situ hybridization and immunohistochemistry were performed on 14 lm cryosections as described (Wang and Matise 2013a) . Digoxigeninlabeled RNA in situ probes were chick Hes 5.1, 5.2, and 5.3 (Fior and Henrique 2005) and chick Rere (accession number BM488379). Alkaline phosphatase-conjugated sheep anti-Digoxigenin antibody (Roche Molecular Biochemicals, Indianapolis, IN, USA) was used at 1 : 2000 dilution, and NBT/BCIP (nitro blue tetrazolium/ 5-bromo-4-chloro-3-indolyl-phosphate) was used as the substrate.
Primary antibodies for immunohistochemistry were used as follows: rabbit anti-Cleaved Caspase 3 (1 : 200; Cell Signaling Technology, Beverly, MA, USA) for apoptosis analysis, rabbit antiphh3 (1 : 200; Upstate/Millipore Corporation, Bedford, MA, USA) and rat anti-BrdU (1 : 200; Accurate Chemical & Scientific Corporation, Westbury, NY, USA) for progenitor proliferation analysis, mouse anti-NeuN (1 : 1000, Clone A60; Millipore Corporation, Bedford, MA, USA) and mouse anti-TuJ1 (1 : 500, Clone TUJ1; Covance/BioLegend Corporation, San Diego, CA, USA) for neuronal differentiation analysis, chick anti-GFP (1 : 1000; Abcam Corporation, Cambridge, MA, USA) for labeling neural tube transfected side. Cy3, Alexa 546 or 488 conjugated secondary antibodies, obtained from Jackson Immuno-Research, West Grove, PA, USA, were used for imaging. Confocal images were collected with Zeiss LSM 510 system; Zeiss Corporation, Thornwood, NY, USA.
Cell culture and transfection Human HeLa and HEK293 cells (both obtained from ATCC) were grown in Dulbecco's modified Eagle's medium (Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum and antibiotics (Penicillin 100 IU/mL and Streptomycin 100 lg/mL; Corning Inc., Corning, NY, USA), at 37°C in 5% CO 2 . Cells with about 80-90% confluence in 100 mm plates were transfected using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). To knockdown human RERE, shRNA targeting 5'-TAACGACTGTGACCTCCTTAAT-3' and 5'-AGATGCTTCGC-CACCCAGTTT-3' were transfected into HEK293 cells that were harvested 3 days after transfection. All transfection experiments were performed with the same total amount of 10 lg DNA (unless otherwise specified), balanced with empty vectors or a GFP vector which may determine the transfection efficiency.
Co-immunoprecipitation
For all coimmunoprecipitation experiments, cells were collected at 48 hpt unless otherwise specified. Cells were washed with 10 mL of cold phosphate-buffered saline and lysed with cell lysis buffer (50 mM Tris-Cl pH8.0, 150 mM NaCl, 10% glycerol, 1% Triton X100, complete protease inhibitor) at 4°C for 15 min, followed by a 30-s sonication (Branson 550D sonicator, 10% input, 0.3 s on, and 0.7 s off cycle; Emerson Electric Co., St. Louis, MO, USA). The whole-cell lysate was cleared by centrifugation at 16 000 g at 4°C for 15 min prior to incubation with anti-FLAG M2 agarose affinity gel (Sigma, St Louis, MO, USA) overnight. The protein-bound agarose gel was washed five times with IP washing buffer (50 mM Tris-Cl pH8.0, 150 mM NaCl, 0.1% Tween 20, complete protease inhibitor). After the last wash, the gel was mixed with an equal volume of 29 Laemmli buffer and boiled for 5 min; IP product was resolved by 6-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Antibodies used for western blot were as follows: rabbit anti-hRERE (gift from Dr. Tsai), rabbit anti-SMRT (1 : 500; Abcam), rabbit anti-FLAG antibody (1 : 1000; Sigma), guinea pig anti-BOAT1 antibody (Mizutani et al., 2005) , rat anti-NICD1 (1 : 50, Rat; DSHB, Iowa City, IA, USA), and chick antibGalactosidase (1 : 1000; Abcam).
Cell quantification and statistical analysis Quantification of phh3+, Brdu+, and NeuN+ cells was performed by averaging counts from the transfected side (right side/GFP+) versus the untransfected control side (left side/GFPÀ) of chick spinal cord sections, respectively. For each experimental group, more than five embryos were examined and ten sections were counted per marker. Images were counted in a blinded manner. Quantitative data are described as mean AE SD. Student's t-test was used to estimate the statistical difference between the cell numbers of control-side groups and transfected-side groups. Two-tailed p values < 0.05 were considered to be statistically significant.
For dual luciferase reporter assay, every firefly luciferase readout was normalized with its internal control (Renilla) readout. Quantitative data are described as mean AE SD. Statistical significance for the normalized luciferase activity readings between the luciferase activity readings of two relative assays was determined by Student's t-test. For multiple tests, p values were adjusted with the Bonferroni correction. p values < 0.05 were considered to be statistically significant.
Results
Normal RERE activity is necessary for proper neural progenitor proliferation and neuronal differentiation Prior studies have shown that Rere is expressed in the developing mouse spinal cord as early as E8.75 (Zoltewicz et al. 2004) . We observed that Rere is highly expressed in the VZ of chick spinal cord at the onset of neurogenesis at embryonic day (E) 2.5, Hamburger & Hamilton (H&H) stage 17-18 ( Figure S1 ), indicating that it may play a critical role during this stage.
Null Rere mutant mice die during early embryogenesis, and exhibit diverse patterning defects in multiple organs including the neural tube (Zoltewicz et al. 2004) . For this, we employed RNA interference (RNAi) with unilateral in ovo electroporation approach to knockdown Rere expression in the transfected side of chick neural tube during early neurogenenic stages. Double-stranded RNAi targeting specific sequence regions of chick Rere or scrambled control RNAi was electroporated into the chick spinal cord. After 18 (n = 5) or 28 (n = 7; data not shown) hours of incubation, we observed similar reductions in the expression of endogenous Rere on the transfected (right/GFP+) side ( Figure S1b ) compared to the control (left/GFP-) side, whereas control RNAi does not impede its expression ( Figure S1a , n = 5). In embryos transfected with cRere RNAi at 28 hpt, there was a reduced size of the spinal cord with a thinner VZ on the transfected side (Fig. 1) . To this end, we first assessed neural progenitor proliferation in the VZ by examining the expression of the mitosis-specific marker phosphorylated histone H-3 (phh3) and S-phase marker BrdU (Fig. 1a, a 0 , and b). Compared to the control side, the numbers of S-phase (Brdu+) and M-phase (phh3+) cells were significantly decreased on the transfected side ( Fig. 1f ; n = 6 embryos),
(c) (c′) whereas no significant changes were observed as transfected with the control RNAi ( Figure S1c ; n = 5 embryos). Furthermore, our analysis of cleaved Caspase3 expression shows that Rere deficiency does not cause increased apoptotic cell death in the transfected side (Fig. 1c and c') . Arrest of VZ progenitor proliferation could lead to neuronal differentiation problems. To examine neuronal differentiation, we next assess the expression levels of neuronal nuclei marker NeuN and neuronal tubulin marker Tuj1 at different stages after transfecting cRere RNAi. At 28 hpt, neither neuronal differentiation marker exhibits significant alterations between the transfected side and control side (Figure S1d, n = 6 embryos). Interestingly, we found an upregulation of neuronal nuclei marker NeuN and neuronal tubulin marker Tuj1 at 42 hpt (Fig. 1d, d ', e and f; n = 7 embryos). Consistently, control RNAi does not affect the expression level of any neuronal markers at either 28 or 42 hpt ( Figure S1c ; n = 5 or 6 embryos). These results together indicate that Rere is essential for normal neural progenitor proliferation and neuronal differentiation in the developing CNS during early embryogenesis.
Rere is essential for Notch target gene expression in CNS Because Notch is known to control progenitor proliferation and neuronal differentiation in the developing CNS, we sought to ask whether the requirement of Rere in regulating cell proliferation may involve Notch signaling. To determine the potential effect of Rere knockdown on Notch activity, we assay the expression of Notch target genes. Notch activation stimulates the expression of Hairy/E(spl) homologues Hes1/ Hes5, which in turn act as Notch effectors in maintaining neural progenitors and inhibiting neural differentiation in the developing CNS (Louvi and Artavanis-Tsakonas 2006; Kageyama et al. 2008) . In the chick spinal cord after the onset of neurogenesis, Hes1 expression is limited to the dorsal-and ventral-most areas, whereas three Hes5-like genes (Hes5.1, Hes5.2, and Hes5.3) are widely expressed in the intermediate region (Fior and Henrique 2005; Bai et al. 2007) . Thus, we first tested the in vivo expression level of the three Hes5-like genes, under a Rere knockdown condition. After transfection with cRere RNAi at 28 hpt, there was a significant decrease in Hes5 transcripts in the transfected side ( Fig. 2d-f ; n = 6 embryos). In contrast, there was no apparent change in Hes5 expression in the spinal cords transfected with control RNAi (Fig. 2a-c ; n = 6 embryos). These data, together, suggest that normal Rere expression is required for the ordinary expression of Notch-signaling target genes. Furthermore, we co-transfected cRere RNAi with luciferase reporters driven by mouse Hes1 and Hes5 promoters (Hes1 luc/Hes5-luc) to quantitatively measure the reduction in Notch activity in an in vivo dual channel chick neural tube system (Takebayashi et al. 1995) . Knockdown of Rere reduced reporter activity by more than 60% and 75% for Hes1-luc and Hes5-luc constructs, respectively ( Fig. 2g and   h ). In addition to this, we used a luciferase reporter driven by four copies of CBF1 binding sites (4XCBF-luc) in this system to quantitatively assess the reduction in Notch-CSL activity with deficient Rere expression. Similarly, a significant reduction (~56%) of luciferase expression was found in the Rere knockdown chick neural tube (Fig. 2h) . Taken together, these findings suggest that normal Rere activity is essential for the activation of Notch target genes in the vertebrate CNS.
These results suggest that Rere could regulate Notch-CSL transcriptional activity and the expression of their target genes, such as Hes5, in an in vivo chick neural tube system. Thus, we next want to investigate whether the defects of neural progenitor proliferation and differentiation, caused by Rere knowdown, could be rescued by over-expression of Hes5. For this, we electroporated cRere RNAi with chick Hes5 construct together (Fior and Henrique 2005) . At 28 hpt, we found Hes5 significantly rescues the proliferation defects of neural progenitor (Fig. 3a, a 0 , b, and c, n = 7 embryos). Moreover, Hes5 completely blocks the up-regulation of neuronal markers at 42 hpt (Fig. 3c, d, d 0 , and e, n = 7 embryos). Taken together, these findings indicated that the appropriate Rere expression is indispensable for proper neural progenitor proliferation and neuronal differentiation, possibly via modulating Notch signaling target gene Hes expression (Fig. 3f) .
RERE participates in Notch activator complex
To determine the mechanisms underlying the control of Notch activities by RERE, we tested the interactions between RERE and Notch components in cultured mammalian cells. We first tested the interaction between RERE and Notch signaling transcription factor CSL. In HEK293 cells, we found that RERE can be immunoprecipitated with Su(H) and CBF1 ( Figure S2a ). In the presence of NICD, CSL could be dissociated from the transcriptional repressor complex and interact with NICD to recruit co-activator components. Here, we found that RERE, unlike Notch co-repressors (e.g., SMRT and BOAT), remains associated with CBF1 even in the presence of NICD1 ( Figure S3 ). These data suggest that RERE is present in a Notch co-activator complex. In support of this, we were able to co-immunoprecipitate NICD1 and RERE ( Fig. 4a and b) , as well as RERE and another coactivator SKIP ( Figure S2b ; Zhou et al. 2000) . Using confocal analysis in HeLa cells, endogenous RERE proteins were normally found in both the cytoplasm and nucleus (Fig. 4c-c‴) . With the transfection of human NICD1, endogenous RERE could be recruited to the nuclear bodies formed by NICD1 (Fig. 4d-d‴) , supporting the claim that RERE interacts with NICD1. RERE is also known to associate either directly or indirectly with P300 (Shen et al. 2007; Vilhais-Neto et al. 2010) . Positive regulation of Notch signaling by RERE could be because of its ability of linking with CBF1, NICD, and other coactivators, leading to the assembly of the Notch transcriptional activator complex and target gene expression. Indeed, we observed increased levels of coactivators such as MAML1 in CBF1 complex when RERE was over-expressed (Fig. 5a ). These results suggest that RERE could positively regulate Notch target gene expression by participating in a CBF1 activator complex.
RERE prevents NICD degradation in transfected cells
The amplitude and duration of NICD activity is regulated by post-translational modifications and, subsequently, proteasome-dependent degradation (Ehebauer et al. 2006) . The increased level of MAML1 in the CBF1 complex that results from over-expression of RERE (Fig. 5a ) could be because of NICD stabilization. However, we are unable to determine this by analyzing the alteration of endogenous NICD expression, since the endogenous level of NICD falls below the detection threshold using standard immunohistochemistry techniques. To test the hypothesis that RERE inhibits the turnover of NICD proteins, we co-transfected RERE and NICD1 into HEK293 cells and examined the transfected level of NICD1 at 48 hpt. To normalize these results, we utilized a co-transfected b-Galactosidase plasmid with the same cytomegalovirus promoter (CMV) as the transfected NICD1 to control the transcription level and the endogenous tubulin expression as an internal control. Interestingly, we found that the NICD1 protein level correlates positively with the amount of RERE (Fig. 5b) . In this assay, the expression level of transcriptional control, b-Galactosidase, was not affected, indicating that the changes in NICD1 levels are not because of the effect of RERE on the transcription of NICD1 (Fig. 5b) . Consistently, the expression level of transfected NICD1 was drastically reduced in the deficiency of RERE proteins (Fig. 5c) . Interestingly, when cells were collected within 24 hpt, NICD1 turnover is not yet obvious such that NICD1 levels in the absence and presence of RERE are indistinguishable ( Figure S4a ). In this assay without the alteration of NICD1 level, the presence of MAML1 in CBF1 P = 0.009 Hes1 and 4XCBF1 (h) promoter activity using in ovo luciferase assay. Luciferase reporter activity in each assay is significantly reduced when co-transfected with cRere RNAi. Error bars indicate SD. p values < 0.05 were considered to be statistically significant.
complex is not affected by RERE ( Figure S4a ). Taken together with the result that the over-expression of RERE could increase the presence of MAML1 in CBF1 complex at 48 hpt (Fig. 5a ), these findings suggest that the role of RERE in facilitating recruitment of co-activators in CBF1 complex is via the NICD stabilization. Moreover, as we co-transfected with CBF1 and NICD1, RERE protein level was positively correlated with NICD1 protein level but not CBF1 (Figure S4b) . To further test whether proteasome degradation was involved in the regulation of NICD by RERE, we applied a pharmacological inhibition assay using the proteasome inhibitor MG132. Consistently, we found that MG132 could attenuate the ability of RERE to stabilize NICD proteins ( Figure S4c ). Finally, we employed the chick neural tube luciferase assay to access the transcriptional activity of the Hes5 promoter in vivo (Fig. 5d) . First, over-expression of NICD1 significantly promotes the reporter expression level. Next, this NICD1-mediated expression elevation could be impeded by Rere knockdown. Furthermore, co-transfection of NICD1 and human RERE dramatically increased the reported activity up to six-fold, compared to the transfection of NICD1 or hRERE alone. These data suggest that Rere proteins closely regulate NICD-mediated Notch target gene expression. Taken together with the NICD stabilization studies, these findings suggest that RERE could positively regulate Notch target gene expression by preventing NICD degradation.
Discussion
RERE is a nuclear regulator that forms functional complexes with diverse factors (Zoltewicz et al. 2004; Wang et al. 2008; Vilhais-Neto et al. 2010) . Previous studies have demonstrated that RERE is involved in regulating multiple signal transduction pathways such as retinoic acid and Sonic hedgehog (Shh) signaling. Loss of RERE causes dysregulated signaling pathways, leading to various developmental
(f) (d′) defects (Kim and Scott 2014; Kumar and Duester 2014) . It has been shown that Atro negatively regulates EGFR signaling in Drosophila (Charroux et al. 2006) . Because Notch and epidermal growth factor receptor (EGFR) signaling antagonize each other in many contexts (Sundaram 2005) , it is likely that RERE could promote Notch signaling pathway in vertebrates as well.
In this study, we demonstrated in the vertebrate CNS that Rere plays a critical role in regulating cell proliferation and neuronal differentiation during development. Attenuation of Rere by RNAi causes a decreased number of dividing cells, accompanied by an increase in neurons in the developing spinal cord, possibly through regulating Notch target gene Hes expression. The transcription of Notch targets genes Hes1/5 was reduced when Rere expression was silenced. In contrast, over-expression of both human RERE and NICD1 in chick spinal cord significantly enhanced Hes5 luciferase activity compared to those with RERE or NICD alone. It appears that normal levels of Rere are critical for NICD to activate defined Notch targets such as Hes genes. Our studies do not definitively rule out the possibility that RERE might also influence the activity of other pathways that can regulate Hes gene expression. Taken together, this study reveals that nuclear regulator RERE closely regulates cell proliferation, differentiation and Notch target gene expression in the vertebrate spinal cord, possibly by preserving the intracellular receptor domain for robust signal transduction.
RERE as a component of the Notch activator complex
With the activation of canonical Notch signaling, NICD enters the nucleus, interacts with CSL and forms activator complex by recruiting MAML and other coactivators such as HAT protein p300 (Andersson et al. 2011) . In this study, we probed the association of RERE with Notch transcriptional coactivators. Prior studies found RERE associated with p300 and other HAT proteins (Shen et al. 2007; Vilhais-Neto et al. 2010) . Here, we found interactions between RERE and CSL, NICD and SKIP in HEK293 cells, indicating that RERE could participate in Notch activator complex and positively regulate Notch target gene transcription by binding to P300 and/or other activators. In addition, transfected NICD1 forms nuclear foci in cultured cells, and endogenous RERE protein is recruited to these nuclear bodies, providing another line of evidence that RERE exists in a Notch activator complex. In contrast to Notch co-repressors (Tong et al. 2011) , RERE was not dissociated from a Notch activator complex in the presence of NICD. Together, these findings indicate that RERE could be a co-activator in the Notch pathway.
RERE inhibits NICD degradation
It has been shown that Notch signaling activity could be negatively regulated by post-translational modification and subsequent degradation (Gupta-Rossi et al. 2001; Ranganathan et al. 2011 recruits CDK8, which in turn phosphorylates NICD and targets it for subsequent degradation (Fryer et al. 2004) . Nemo-like kinase was recently identified to phosphorylate NICD and negatively regulate Notch activity (Ishitani et al. 2010) . In this study, we showed that RERE appears to prevent NICD degradation. In the developing vertebrate CNS, deficiency of Rere impedes NICD activation of Notch reporters, whereas over-expressing a human form of RERE significantly boosted NICD activity in the reporter assay. It was next determined in mammalian cells that increasing levels of RERE correlate closely with NICD proteins, further supporting that RERE is critical for preventing NICD protein degradation.
Currently, it is still not clear how RERE could stabilize NICD proteins. We showed that MG132 attenuated the ability of RERE to stabilize transfected NICD proteins in HEK293 cells, which is consistent with the idea that RERE is involved in the degradation of NICD, and that it exerts it activity at/or upstream of proteasome processing, possibly at the step of ubiquitination. Itch, an E3 ubiquitin-ligase, has been shown to recognize and promote Notch ubiquitination via the interaction between WW domains and NICD (Qiu Quantification of Hes5 promoter activity using in ovo luciferase assay. Chick embryos were electroporated at E2 and collected at E3. Hes5-Luc was co-transfected with control RNAi in column 1 (dark blue), used as the baseline luciferase activity control. Hes5-Luc was co-transfected with hNICD1 alone (red), hNICD1 with cRere RNAi (green), hRERE alone (light blue), or hNICD1 with hRERE (purple), shown in columns 2-5. A series of Student's t-tests were used to determine the statistical difference between columns 1 and 2, columns 2 and 3, columns 2 and 5, and columns 4 and 5. Error bars indicate SD. Bonferroni-corrected p values < 0.05 were considered to be statistically significant. et al. 2000). Interestingly, there are multiple WW-domain Nedd-like E3 ligases that were identified to bind Atrophin-1 physically (Wood et al. 1998) . Whether these proteins are the Atro/RERE targets responsible for degradation of NICD will require further investigation.
Conclusion
Because loss or gain of function of Notch has been shown to cause various developmental syndromes, adult-onset diseases, and multiple cancers (Lai 2004; Andersson et al. 2011) , the mechanistic role of Atrophin protein RERE in regulating Notch is important for identifying novel therapeutic targets for these human diseases. Furthermore, as the Notch signaling pathway regulates tissue growth and maintenance of stem/progenitor cells, our studies suggest that RERE is a potential target for controlling proliferation of stem cells for cell replacement therapies.
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